Introduction {#sec1}
============

Heterogeneous perfusion creates distinct regional and temporal microenvironments within tumors ([@B1], [@B2]). Spatial disparities exist between the periphery and center of a tumor, with the periphery typically having better perfusion and greater temporal variability ([@B2]). Fluctuations in blood flow and intermittent perfusion of blood vessels in a tumor occur on time scales of minutes to hours ([@B3], [@B4]), generating perfusion mismatches that increase with tumor size ([@B4]). Chaotic, disorganized vasculature in tumors ([@B5], [@B6]) generates gradients of oxygen and nutrients ([@B7]--[@B9]), altering functions and metabolism of both cancer and stromal cells ([@B10]--[@B13]). For example, areas of poor perfusion result in hypoxic and acidic environments ([@B1], [@B14]) that promote aggressive disease and contribute toward resistance to radiotherapies and chemotherapies ([@B15]--[@B18]).

Changes in environmental conditions, including availability of nutrients, biochemical signals, and mechanics, generally are considered to influence only immediate responses of cells. However, short-term inputs also alter intracellular states of cells, establishing memories of past conditions that regulate future outputs and functions ([@B19]--[@B22]). Both computational models of cell signaling ([@B23]) and experimental systems show cellular memory in bacterial ([@B20]) and mammalian cells ([@B19], [@B21],[@B22]). Stimuli on time scales of minutes to days ([@B19], [@B21]) can generate cellular memory through mechanisms including transcription and protein modifications, resulting in quantifiable, phenotypic changes in cellular behaviors. Thus, transient signals to a cell may influence the cellular state to produce long-term phenotypic consequences.

One mechanism producing cellular memory arises from shifting the ability of cells to signal in response to a biochemical stimulus. Our group recently established a single-cell model of signaling through chemokine receptor CXCR4 to the PI3K/Akt/mTOR (PI3K) and Raf/MEK/ERK (MEK) pathways ([@B24]). Dysregulated signaling through these pathways drives breast cancer and multiple other malignancies. For instance, mutations activating the PI3K pathway occur in ∼70% of breast cancers ([@B25]). Breast cancers also commonly exhibit constitutive activation of MEK signaling even though mutation in this pathway occur in only 2--10% of breast cancers ([@B26]--[@B29]). Our computational model predicted heterogeneity and single-cell dynamics within a population of breast cancer cells given known environmental conditions and signaling inputs. This work also revealed that previous environmental conditions generated short-term cellular memory, shifting states of responsiveness to signaling. In particular, growth factor conditioning and treatment with inhibitors of MEK and mTOR potentiated subsequent CXCR4 signaling in cell culture.

Although our prior work showed generation of memory to environmental conditioning in cell culture, we could not establish functional significance of cellular memory. Here, we investigated the effects of environmental conditioning on tumor- and metastasis-initiating potentials of breast cancer cells in a mouse model of human breast cancer. This approach leverages endogenous murine CXCL12, which we and others have shown promotes growth of orthotopic tumors and metastasis of both mouse and human breast cancer cells ([@B30], [@B31]). We hypothesized that inputs potentiating signaling in vitro in our prior study would increase tumorigenic potential of breast cancer cells. Here we show enhanced tumorigenic behavior, resulting in higher tumor formation, growth, and metastasis. These results further establish that cells retain the memory of short-term changes in environmental conditions that cause long-term biological effects in cancer.

Methods {#sec4}
=======

Cell Culture {#sec4-1}
------------

We cultured the triple-negative human breast cancer cell line MDA-MB-231 (ATCC, Manassas, VA) as described previously ([@B44]). We stably expressed CXCR4-BFP and click beetle green luciferase in these cells using recombinant lentiviral vectors and kinase translocation reporters (KTRs) for Akt and ERK with a transposon vector system (PiggyBac Transposon, System Biosciences, Palo Alto, CA) ([@B24]). The transposon vector also expresses histone 2B fused to mCherry (H2B-mCherry) to define the nucleus of each cell. We cultured human mammary fibroblasts (provided by Daniel Hayes, University of Michigan, Ann Arbor, MI) as described for MDA-MB-231 cells. Vari-068 cells (provided by Sofia Merajver, University of Michigan, Ann Arbor, MI) are patient-derived, triple-negative breast cancer cells adapted to cell culture ([@B37]). We used a recombinant lentivirus to stably express click beetle green luciferase in Vari-068 cells and cultured them as described previously ([@B38]). We used all cells within 3 months after resuscitation from frozen stocks.

Cell Conditioning {#sec4-2}
-----------------

We seeded cells (1.2 × 10^5^ MDA-MB-231, or 2.0 × 10^5^ Vari-068) in 35- mm dishes with a 20- mm glass bottom (Cellvis, Mountain View, CA) in 1.5 mL of imaging base media (FluoroBrite Dulbecco's Modified Eagle Medium media (A1896701, ThermoFisher Scientific, Waltham, MA), 1% GlutaMax, 1% PenStrep and 1% sodium pyruvate) supplemented with 10% fetal bovine serum (HyClone). Two days after seeding, we changed dishes to 2.0 imaging base media with 1% FBS for all cell types. The next day, we conditioned breast cancer cells by adding FBS (final concentration, 10%), EGF (final concentration, 30 ng/mL or 300 ng/mL as listed in various figure legends) (R&D Systems, Minneapolis, MN), ridaforolimus (Selleck Chemicals, Houston, TX; final concentration, 10 nM), or trametinib (Selleck Chemicals; final concentration, 100 nM) to their existing media and incubated for 4 hours. Control cells remained in the same medium without the addition of a conditioning stimulus.

Cellular Growth and Adhesion Assays {#sec4-3}
-----------------------------------

To quantify proliferation, we conditioned cells as described above and then detached the cells with 0.25% trypsin. We seeded 10^3^ MDA-MB-231 cells in imaging base media supplemented with 1% FBS into a 96-well plate in quadruplicate. After incubating cells for approximately 2 hours, we imaged luciferase activity (day 0) in selected wells using an IVIS Lumina LT Series III (Perkin Elmer, Waltham, MA) with medium binning and exposure of 1--5 minutes as described previously ([@B45]). We performed imaging studies daily for an additional 2 days and quantified imaging data as photon flux with Living Image 4.5.5.

We quantified the effects of conditioning stimuli on adhesion of MDA-MB-231 cells to human mammary fibroblasts (HMFs) as described previously ([@B44]). In brief, we seeded 10^5^ HMFs per well in a 24-well plate and cultured cells for 2 days to produce a confluent monolayer. We conditioned MDA-MB-231 cells as described and then removed cells with 0.25% trypsin. We washed HMFs with PBS and added 2.5 × 10^5^ MDA-MB-231 cells per well in imaging base media supplemented with 1% FBS. After incubating cells 15 minutes at 37°C, we removed nonadherent MDA-MB-231 cells with PBS and visualized adherent cells by fluorescence imaging.

Animals {#sec4-4}
-------

The University of Michigan Institutional Animal Care and Use Committee approved all procedures involving animals. We performed all experimental procedures in accordance with institutional guidelines and regulations. We used 17- to 25-week-old female NSG mice (The Jackson Laboratory, Bar Harbor, ME) housed in autoclaved positive pressure, positive/negative control individually ventilated cages (P/NV IVC; Allentown, Allentown, NJ) with corncob bedding (The Andersons, Maumee, OH) and provided with reverse osmosis--deionized water through automated water systems (Edstrom, Waterford, WI). Animal-housing rooms maintained a cycle of 12 hours of light/12 hours of dark, with relative humidity at 30--70% and temperature of 72 ± 2°F (22.2 ± 1.1°C). The health surveillance program for specific pathogen free colonies included quarterly testing of dedicated soiled-bedding sentinel animals via fecal and perianal swab polymerase chain reaction or serology and polymerase chain reaction of exhaust plenum swabs for fur mites. Health surveillance results indicated that the mice were negative for mouse rotavirus, mouse hepatitis virus, minute virus of mice, ectromelia virus, Theiler mouse encephalomyelitis virus, lymphocytic choriomeningitis virus, mouse adenovirus, mouse parvovirus, mouse polyomavirus, pneumonia virus of mice, reovirus, Sendai virus, *Mycoplasma pulmonis*, pinworms (*Syphacia spp.* and *Aspiculuris spp.*), and fur mites (*Myobia musculi, Myocoptes musculinus*, and *Radfordia affinis*).

Orthotopic Mouse Model of Breast Cancer {#sec4-5}
---------------------------------------

We conditioned MDA-MB-231 or Vari-068 cells as described above, harvested the cells with a cell dissociation buffer, and then injected 10^2^, 10^3^, or 10^4^ MDA-MB-231 or 10^3^ or 10^4^ Vari-068 cells bilaterally into the fourth inguinal mammary fat of female NSG mice (day 0) ([@B46]). We quantified tumor growth by caliper measurements in 3 dimensions and bioluminescence imaging (IVIS Spectrum, Perkin-Elmer) at regular intervals as described previously ([@B31]). We defined experimental endpoints as time when FBS-conditioned tumors reached ∼1.0 cm in diameter or 70--80 days after implantation, whichever occurred first. At the endpoint, we measured tumor volume and visually inspected the organs for metastases. In select experiments, we removed organs and assessed the metastases by means of bioluminescence. We considered an organ positive for metastases if bioluminescence exceeded the background signal by at least 2-fold.

*In Vivo* Fluorescence Imaging of Cancer Cells in the Orthotopic Mouse Tumor Model {#sec4-6}
----------------------------------------------------------------------------------

We injected 10^6^ control or FBS-conditioned MDA-MB-231 cells into the left fourth mammary pad of female NSG mice anesthetized with isoflurane and began intravital microscopy ∼5--30 minutes after injection. We imaged injected breast cancer cells in the mammary fat pads with an Olympus FVMPE-RS upright microscope, 25× NIR-corrected objective, and 3-channel detection (cyan \[480 / 40\], yellow \[540 / 40\], red \[641 / 75\]). We used 940 nm excitation for Aquamarine and mCitrine and 1040- nm excitation for mCherry with laser power set at 15%. We analyzed images using in-house MATLAB code to calculate the ratio of median fluorescence intensities in cytoplasm to the nucleus, expressed as the log2 of the cytoplasm to the nucleus, for Akt and ERK KTRs ([@B24]). We output data as pairs of Akt and ERK KTR measurements for each of the ∼200 to 400 cells in an image.

Metastatic Mouse Model of Breast Cancer {#sec4-7}
---------------------------------------

To simulate systemic metastases, we conditioned MDA-MB-231 as described above, harvested the cells with a cell dissociation buffer, and then injected 10^4^ MDA-MB-231 cells into the left ventricle of the heart of the female NSG mice (day 0) under isoflurane anesthesia ([@B47]). We used bioluminescence imaging (IVIS Spectrum, Perkin-Elmer) to measure the metastatic burden and quantified the extent of disease based on bioluminescence of the thorax and abdomen over time. We euthanized the mice at the endpoint (day 33) or earlier (days 27--30) based on clinical presentation. We visually inspected the organs for metastases, and then we removed the organs to detect metastases by bioluminescence imaging. We also harvested bone marrow from the lower extremities as described ([@B48]) and evaluated the bioluminescence after culture in Dulbecco's Modified Eagle Medium for 7 days.

Statistical Analysis {#sec4-8}
--------------------

We analyzed data using GraphPad Prism (San Diego, CA). Before statistical analyses, we tested data for normality using the D'Agostino & Pearson normality test or the Shapiro--Wilk normality test, if the *n* was too small for the former. We analyzed tumor volumes, tumor onset, AUC, and organ metastases for control versus FBS-conditioned cells with unpaired 2-tailed *t* test for parametric data with Welch's correction for unequal variance, or Mann--Whitney test if nonparametric. We used Fisher exact test to assess tumor formation incidence. We analyzed tumor volumes and tumor onset with EGF and inhibitor conditioning, growth assay, and adhesion assay using 1-way ANOVA followed by Tukey multiple comparisons test for parametric data or Kruskal--Wallis test followed by the Dunn multiple comparisons test for nonparametric data. We considered a *P*-value of \< .05 as statistically significant.

Results {#sec2}
=======

Fetal Bovine Serum Conditioning Enhances Tumor-Initiating Potential at Low Numbers of Cells {#sec2-1}
-------------------------------------------------------------------------------------------

Our previous cell culture work showed differences in signaling responsiveness after conditioning with fetal bovine serum (FBS) ([@B24]). To determine the effects on tumor formation and growth, we first assessed the effects of conditioning on the tumor-initiating ability of MDA-MB-231 human breast cancer cells. We conditioned cells with no additives (control) or 10% FBS for 4 hours before injecting 10^2^, 10^3^, or 10^4^ cells bilaterally into the fourth mammary fat pads of female NSG (NOD scid gamma) mice (10^2^ cells: n = 4 mice; 10^3^ cells: n = 12 mice; and 10^4^ cells: n = 9 mice per condition). As expected, higher cell dosages generated greater frequencies of tumor formation for both control and FBS-conditioned cells ([Table 1](#T1){ref-type="table"}). FBS-conditioned cells showed earlier onset of tumor formation ([Figure 1, A--C](#F1){ref-type="fig"}; 10^3^ cells, *P* \< .0001) and a higher percentage of tumors formed ([Table 1](#T1){ref-type="table"}; 10^2^ cells, *P* = .0769; 10^3^ cells, *P* = .0039) for all cell dosages with greater effects evident at 10^2^ and 10^3^ cells. For injections with 10^2^ MDA-MB-231 cells, tumors were formed only from cells conditioned with FBS. Conditioning with FBS before implantation of 10^3^ but not 10^4^ cells also increased final volumes of tumors relative to control (*P \< *.0001).

![Fetal bovine serum (FBS) conditioning enhances tumor-initiating potential at low cell numbers. We conditioned MDA-MB-231 cells with FBS or control for 4 hours before implanting 10^2^ (n = 2 mice for tumor incidence and 4 mice for final tumor volume) (A), 10^3^ (n = 12 mice) (B), or 10^4^ (n = 9 mice) cells (C) bilaterally into the fourth mammary fat pads of NSG (NOD scid gamma) mice on day 0. For each number of injected cells, graphs show the percentage of implantations that formed tumors over time (left) and the scatterplots with mean ± SEM for final tumor volume measured in 3 dimensions with calipers (right). We terminated experiments at 45--52 days for injections of 10^2^ cells, 45--47 days for 10^3^ cells, and 32--50 days for 10^4^ cells. \*\*\*\**P \<* .0001 by 2-tailed *t* test with the Welch correction for FBS versus control tumor onset and volume.](GP-TOMJ190003F001){#F1}

###### 

Tumor Formation after Bilateral Injection of MDA-MB-231 Cells at Different Cell Dosages after Conditioning^[a](#TF1){ref-type="table-fn"}^

  Condition   Number of Cells Injected                      
  ----------- -------------------------- ------------------ --------------
  Control     0/8 (0%)                   16/24 (67%)        17/18 (94%)
  FBS         4/8 (50%)                  24/24 (100%)\*\*   18/18 (100%)

^a^Displayed as number of tumors formed/number of injections (percent tumors formed); \*\**P* = .0039 versus control by Fisher exact test.

FBS Conditioning Increases Early Tumor Growth {#sec2-2}
---------------------------------------------

Using bioluminescence imaging to assess tumor growth, we observed differences between control and FBS-conditioned cells within 24 hours of implantation for groups with implanted 10^2^ and 10^3^ cells ([Figure 2A](#F2){ref-type="fig"}). These disparities persisted over time ([Figure 2B](#F2){ref-type="fig"}). We quantified the overall bioluminescence signals for the full experiment using area-under-the-curve (AUC) analysis. Both 10^2^ and 10^3^ cell implantations showed significantly higher AUC (*P \<* .0001) for FBS-conditioned cells relative to control, indicating higher cumulative growth.

![FBS conditioning increases tumor growth beginning 1 day after implantation. Following conditioning with FBS or control as described in [Figure 1](#F1){ref-type="fig"}, we implanted 10^2^, 10^3^, or 10^4^ MDA-MB-231 cells bilaterally into fourth mammary fat pads of NSG mice on day 0 (A). Panel displays representative bioluminescence images of primary mammary tumors from mice in each group on day 1 and days 35--36 after implantation. Images show photon flux from bioluminescence on a pseudocolor scale, with red and blue representing the highest and lowest values, respectively. Quantified bioluminescence signal over time for representative individual tumors depicted in (A) corrected for background signal (B). Graphs show mean area-under-the-curve for photon flux + SEM through 47 d for injections of 10^2^ (n = 4 mice), 10^3^ (n = 12 mice), and 10^4^ (n = 9 mice) MDA-MB-231 cells (C). \*\*\*\**P \< *.0001 by 2-tailed *t* test with Welch's correction for FBS versus control.](GP-TOMJ190003F002){#F2}

Metastatic Potential of Cells Varies with Conditioning and Experimental Model {#sec2-3}
-----------------------------------------------------------------------------

We also analyzed spontaneous metastases to lung and liver, 2 common sites of metastatic breast cancer, in mice injected orthotopically with 10^3^ MDA-MB-231 cells (n = 6 mice per condition). Ex vivo bioluminescence imaging showed higher signal in liver (*P* = .0022) and lung (*P* = .0649) in mice implanted with FBS-conditioned cells compared with control ([Figure 3, A and B](#F3){ref-type="fig"}; [Table 2](#T2){ref-type="table"}). One mouse with FBS-conditioned cells also showed splenic metastasis ([Table 2](#T2){ref-type="table"}).

![Conditioning with FBS enhances spontaneous breast cancer metastasis. We used ex vivo bioluminescence imaging to quantify spontaneous metastases 46 days after implanting 10^3^ MDA-MB-231 cells conditioned with FBS or control (n = 6 mice per condition) as described in [Figure 1](#F1){ref-type="fig"}. Representative bioluminescence images of lung and liver with bioluminescence presented on a pseudocolor scale as in [Figure 2](#F2){ref-type="fig"} (A). Scatterplot shows mean ± SEM of total bioluminescence photon flux of metastatic MDA-MB-231 cells in lung and liver. \*\**P = *.0022 by Mann--Whitney test for liver FBS versus control (B).](GP-TOMJ190003F003){#F3}

###### 

Frequency of Mice with Metastases of MDA-MB-231 Cells after Conditioning and Implantation in the Orthotopic or Metastatic Mouse Model^[a](#TF2){ref-type="table-fn"}^

  Model        Condition    Organ                                                                                                                                    
  ------------ ------------ --------------------------------------------- --------------------------------------------- -------------------------------------------- ---------------------------------------------
  Orthotopic   Control      5/6 (83%)                                     2/6 (67%)                                     0/6 (0%)                                     NA^[b](#TF2-1){ref-type="table-fn"}^
  FBS          6/6 (100%)   6/6 (100%)                                    1/6 (17%)                                     NA                                           
  Metastatic   Control      5/5 (100%)                                    4/5 (80%)                                     2/5 (40%)                                    1/4 (25%)^[c](#TF2-2){ref-type="table-fn"}^
  FBS          5/5 (100%)   3/4 (75%)^[b](#TF2-1){ref-type="table-fn"}^   2/4 (50%)^[b](#TF2-1){ref-type="table-fn"}^   0/4 (0%)^[d](#TF2-3){ref-type="table-fn"}^   

^a^Displayed as number of metastases formed/number of mice (percent tumors formed).

^b^NA: Not applicable.

^c^Unable to collect bone marrow from one mouse.

^d^Unable to image organs due to early euthanasia in one mouse. Visible lung metastases present.

To focus on steps in metastasis independent of an orthotopic tumor, we injected 10^4^ cells into the left ventricle of the heart to disseminate breast cancer cells systemically (n = 5 mice per condition). Control and FBS-conditioned cells initially showed bioluminescent signal in the thorax on day 1 ([Figure 4](#F4){ref-type="fig"}). However, after 15 days, cellular bioluminescence signal distributed heterogeneously with substantial signal in select mice. Two mice with control-conditioned cells had abundant signals in the abdomen, distal limbs, and cervical region, while 1 mouse with FBS-conditioned cells displayed strong signal in the thorax ([Figure 4](#F4){ref-type="fig"}). By the endpoint, control and FBS-conditioned cells showed a similar incidence of organ metastases ([Table 2](#T2){ref-type="table"}). The mouse with FBS-conditioned cells and abundant thoracic signal was not assessed for organ luminescence owing to premature euthanasia, but this animal exhibited visible lung metastases. These results indicate greater effects of conditioning stimuli on tumor progression from an orthotopic mammary environment.

![Experimental metastases display variability in organ site and intensity over time. We conditioned MDA-MB-231 cells with FBS or control for 4 hours before intracardiac injection of 10^4^ cells per mouse (n = 5 mice per condition) to experimentally produce metastases. Presented images show pseudocolor displays of bioluminescence from each group of mice on days 1 and 15 after injection. We used different ranges of pseudocolor scales for days 1 and 15 to account for the large increase in signal over time.](GP-TOMJ190003F004){#F4}

Conditioning With Epidermal Growth Factor Enhances Tumor-Initiating Potential over Control {#sec2-4}
------------------------------------------------------------------------------------------

Because FBS contains a variety of different growth factors, we focused on epidermal growth factor (EGF) as a single, defined cytokine known to promote proliferation and tumor growth. We conditioned cells with 30 ng/mL EGF, a concentration that enhanced signaling responsiveness to an extent similar to FBS in our previous in vitro experiments ([@B24]). EGF-conditioned cells formed tumors earlier after implantation (*P* = .0480) but with comparable overall incidence to control MDA-MB-231 cells (n = 6 mice per condition). Conditioning with EGF produced lesser effects on tumor-initiation than FBS, indicating that multiple cytokines contribute to observed effects of conditioning with FBS ([Figure 5A](#F5){ref-type="fig"}; [Table 3](#T3){ref-type="table"}). Both EGF and control cells showed comparable bioluminescence over time, with this value being lower in both groups than that in the cells conditioned with FBS ([Figure 5B](#F5){ref-type="fig"}). We observed no significant difference in final tumor volumes between EGF and control cells ([Figure 5C](#F5){ref-type="fig"}). FBS-conditioned cells again showed significantly higher tumor volumes than control cells (*P* = .0040) and trended higher than EGF-conditioned MDA-MB-231 cells (*P* = .0589).

![Epidermal growth factor (EGF) conditioning enhances onset of breast tumor formation. We conditioned MDA-MB-231 cells with EGF (30 ng/mL), FBS, or control for 4 hours before orthotopic implantation of 10^3^ cells per mammary fat pad (n = 6 mice per condition). Graph displays tumor incidence over time for each group (A). \**P =* .048 for EGF versus control and \*\*\**P = *.0006 for FBS versus control tumor onset by 1-way ANOVA. Mean ± SEM for photon flux over time in each group (B). Note log scale for total flux values. Scatterplot shows mean ± SEM for final tumor volume on day 46 measured in 3 dimensions with calipers (C). \*\**P =* .004 for FBS versus control tumor volume by Kruskal--Wallis test.](GP-TOMJ190003F005){#F5}

###### 

Tumor Formation after Bilateral Injection of MDA-MB-231 Cells after Conditioning with EGF Compared to Control or FBS Conditioned Cells^[a](#TF3){ref-type="table-fn"}^

  Condition   Number of Cells Injected
  ----------- --------------------------
  Control     8/12 (67%)
  FBS         12/12 (100%)
  EGF         9/12 (75%)

^a^Displayed as number of tumors formed/number of injections (percent tumors formed).

Conditioning With Targeted Inhibitors Variably Affects Tumor Formation and Growth {#sec2-5}
---------------------------------------------------------------------------------

Our previous study combining computational modeling and cell culture experiments utilized ridaforolimus and trametinib, inhibitors of mTORC1 and MEK, respectively, to shift responsiveness of cells to signaling. Ridaforolimus activates both MEK and PI3K pathways ([@B32], [@B33]), while inhibition of MEK with trametinib produces compensatory activation of PI3K signaling ([@B24], [@B34]). To test the effects on tumor initiation and growth, we conditioned MDA-MB-231 cells with ridaforolimus or trametinib before implanting 10^3^ cells into mammary fat pads of mice (n = 6 mice per condition). Conditioning with ridaforolimus increased the incidence of tumor initiation relative to control, albeit to a lesser extent than conditioning with FBS ([Figure 6A](#F6){ref-type="fig"}; [Table 4](#T4){ref-type="table"}). By comparison, trametinib modestly delayed the time to tumor formation while ultimately reaching the same incidence as control. These data suggest that conditioning stimuli activating both PI3K and MEK signaling pathways prime the cells for tumor formation to a greater extent than that activating PI3K alone. For tumors that formed, bioluminescence imaging data over the course of tumor growth showed similar kinetics, with the highest signal obtained from cells conditioned with FBS ([Figure 6B](#F6){ref-type="fig"}). Final tumor volumes ranged substantially with significantly higher mean volumes for FBS than for control (*P* = .0399) ([Figure 6C](#F6){ref-type="fig"}). Cells conditioned with FBS also had higher final mean volumes than those conditioned with trametinib (*P* = .0310) ([Figure 6C](#F6){ref-type="fig"}).

![Conditioning with targeted inhibitors variably affects tumor formation and growth. We conditioned MDA-MB-231 cells with ridaforolimus (100 nM), trametinib (100 nM), FBS, or control for 4 hours before orthotopic implantation of 10^3^ cells per mammary fat pad (n = 6 mice per condition). Graph shows percent incidence of tumors over time for each condition (A). Mean values ± SEM for bioluminescence in each group over time (B). Note log scale for total flux. Scatterplot with mean ± SEM for final tumor volume on day 46 - 47 measured in 3 dimensions with calipers (C). \**P =* .040 for FBS versus control and *P = *.031 for trametinib versus FBS by 1-way ANOVA.](GP-TOMJ190003F006){#F6}

###### 

Tumor Formation after Bilateral Injection of MDA-MB-231 Cells after Conditioning with an mTORC1 (Ridaforolimus) or MEK (Trametinib) Inhibitor Compared to Control or FBS Conditioned Cells^[a](#TF4){ref-type="table-fn"}^

  Condition       Number of Cells Injected
  --------------- --------------------------
  Control         8/12 (67%)
  FBS             12/12 (100%)
  Ridaforolimus   10/12 (83%)
  Trametinib      8/12 (67%)

^a^Displayed as number of tumors formed/number of injections (percent tumors formed).

Conditioning Treatments do not Alter Population-Level Proliferation or Adhesion of Cancer Cells in Cell-Based Assays {#sec2-6}
--------------------------------------------------------------------------------------------------------------------

To investigate mechanisms through which conditioning regimens alter tumor-initiating potential of breast cancer cells, we performed in vitro assays for proliferation and adhesion of MDA-MB-231 cells. We measured effects of various conditioning stimuli on proliferation using bioluminescence to quantify increases in the numbers of cells over 2 days. Conditioning with trametinib produced significantly lower proliferation after 2 days ([Figure 7A](#F7){ref-type="fig"}; *P = *.0261), consistent with the observed delay in tumor initiation. However, conditioning with FBS, EGF, or ridaforolimus did not change proliferation relative to control. We also measured the effects of conditioning on adhesion of MDA-MB-231 cells to human mammary fibroblasts. We observed no differences in adhesion among all conditions, even in experiments in which we increased the concentration of ridaforolimus by 10-fold ([Figure 7B](#F7){ref-type="fig"}).

![Conditioning treatments do not alter population-level proliferation or adhesion of cancer cells in cell-based assays. We conditioned MDA-MB-231 cells with EGF (30 ng/mL), ridaforolimus (100 nM), trametinib (100 nM), FBS, or control prior to seeding 10^3^ cells per well in a 96-well plate (n ≥ 4 per condition) (A). We normalized bioluminescence on days one and two to corresponding values on day 0 for each group. Graph shows mean + SEM for normalized bioluminescence on day 2 for each condition as a marker of proliferation. \**P = .0261* for control versus trametinib by 1-way ANOVA. We conditioned cells with the same treatments listed in (A) and then seeded 2.5 × 10^5^ cells per well onto confluent monolayers of human mammary fibroblasts (HMFs) in a 24-well plate (B). We washed off nonadherent cells with PBS after 15 minutes and then quantified the number of adherent breast cancer cells. Graph shows mean + SEM for cells adhering to breast cancer cells for each condition (EGF, 30 ng/mL; ridaforolimus, 100 nM; trametinib, 100 nM; FBS; or control) (n ≥ 10 per condition).](GP-TOMJ190003F007){#F7}

Conditioning does not Alter Activities of Akt or ERK in Breast Cancer Cells Immediately after Injection into Mammary Fat Pads {#sec2-7}
-----------------------------------------------------------------------------------------------------------------------------

We used fluorescent kinase translocation reporters to quantify activities of ERK and Akt in single MDA-MB-231 breast cancer cells ([@B24], [@B35], [@B36]). These reporters reversibly translocate from nucleus to cytoplasm upon phosphorylation, providing a quantitative readout of kinase activities for ERK and Akt. To assess the effects of FBS conditioning versus control on signaling by ERK and Akt in vivo, we implanted 10^6^ cells into the left fourth mammary fat pad. Within 15 min of injection, we imaged kinase translocation reporters for ERK and Akt in living mice using 2-photon microscopy ([Figure 8A](#F8){ref-type="fig"}). Imaging data revealed substantial overlap in activities of ERK and Akt between samples conditioned with FBS or control, indicating no significant population-level differences in signaling ([Figure 8B](#F8){ref-type="fig"}).

![Conditioning does not alter activities of Akt or ERK in breast cancer cells immediately after injection into mammary fat pads. Representative images of 10^6^ MDA-MB-231 cells conditioned for 4 hours with FBS and then imaged by 2-photon microscopy within 15 minutes of injection into the left fourth mammary fat pad (A). Breast cancer cells stably express fluorescent kinase translocation reporters (KTRs) for Akt (aquamarine) and ERK (mCitrine) with H2B-mCherry marking nuclei. Representative histograms show frequency distributions of the cytoplasmic-to-nuclear ratios (CNR) of the Akt KTR (left) and ERK KTR (right) in MDA-MB-231 cells after conditioning with FBS (n \> 370 cells) or control (n \> 195 cells) (B). Three different tumors from each group were analyzed.](GP-TOMJ190003F008){#F8}

FBS Conditioning Promotes Tumor Formation in Patient-Derived Vari-068 Breast Cancer Cells {#sec2-8}
-----------------------------------------------------------------------------------------

To extend these studies to breast cancer cells with a different driver mutations, we used patient-derived, triple-negative Vari-068 cells ([@B37], [@B38]). Mutant PTEN in these cells activates PI3K, unlike MDA-MB-231 cells, with constitutive signaling through the MEK pathway. We conditioned Vari-068 cells with FBS, EGF, or control before implanting 10^3^ or 10^4^ cells into mammary fat pads of NSG mice (n = 3 mice per condition). For these studies, we used a higher concentration of EGF for conditioning because this growth factor activates signaling to a lesser extent in Vari-068 relative to MDA-MB-231 cells. Similar to studies with MDA-MB-231 cells, we observed greater differences in tumor formation with injections of 10^3^ cells. Conditioning with FBS increased frequency (*P =* .0152) and reduced time to onset of tumor formation ([Figure 9A](#F9){ref-type="fig"}; [Table 5](#T5){ref-type="table"}). For injections of 10^3^ cells, conditioning with EGF also increased tumor formation relative to control, the latter of which produced no detectable tumors. Bioluminescence imaging over the course of the experiment also showed the same rank order of tumor growth for injections of 10^3^ cells, while all groups injected with 10^4^ cells exhibited similar tumor formation and growth ([Figure 9B](#F9){ref-type="fig"}). Conditioning with FBS also significantly increased final tumor volume from injections of 10^3^ cells relative to other groups (*P =* .0167) ([Figure 9C](#F9){ref-type="fig"}). We observed a trend that failed to reach statistical significance for conditioning with FBS or EGF to produce larger tumors in mice injected with 10^4^ cells. Overall, these results generally reproduce effects in MDA-MB-231 cells, suggesting a general effect of selected conditioning stimuli on tumor formation and growth.

![FBS conditioning promotes tumor formation by patient-derived Vari-068 breast cancer cells. We conditioned Vari-068 breast cancer cells with EGF (300 ng/mL), FBS, or control for 4 hours before implanting 10^3^ (left) or 10^4^ (right) cells per mammary fat pad (n = 3 mice per condition). Graphs show incidences of tumor formation for each condition and amount of injected cells (A). Bioluminescence imaging for each condition over time expressed as mean ± SEM (B). Scatterplots with mean ± SEM for final tumor volumes measured by calipers on day 78 (C). \**P = *.017 for FBS versus control by Kruskal--Wallis test.](GP-TOMJ190003F009){#F9}

###### 

Tumor Formation of Vari-068 Cells at Different Cell Dosages after Conditioning at Different Cell Dosages^[a](#TF5-2){ref-type="table-fn"}^

  Condition   Number of Cells Injected                     
  ----------- -------------------------------------------- ------------
  Control     0/6 (0%)                                     6/6 (100%)
  FBS         5/6 (83%)[\*](#TF5-1){ref-type="table-fn"}   6/6 (100%)
  EGF         2/6 (33%)                                    6/6 (100%)

\**P* = .0152 versus control by Fisher exact test.

^a^Displayed as number of tumors formed/number of injections (percent tumors formed).

Discussion {#sec3}
==========

Tumor cells reside in an ever-changing environment that influences their cellular state and subsequent phenotypic behaviors. Our work demonstrates that exposure to a single short-term stimulus regulated subsequent tumor initiation and progression in breast cancer. Conditioning with FBS produced striking differences in frequencies of tumor formation from limited numbers of cells with earlier onset of tumors, higher incidence, larger tumors, and more metastases in 2 cell lines with different driver mutations. Conditioning with the specific growth factor EGF and the inhibitor ridaforolimus also produced higher incidence and earlier onset of tumor formation from limited numbers of cells. Because FBS produced greater effects on these outcomes than EGF or ridaforolimus, our data suggest that conditioning stimuli promote tumor initiation and growth through multiple mechanisms.

These results link the phenomenon of cellular memory to past environmental inputs, which occurs in a variety of cells, from bacteria ([@B20]) to human cancers ([@B19], [@B21],[@B22]). Multiple studies establish that culturing cancer cells in hypoxic conditions for several days improves subsequent tumor-initiating potential, invasion, and metastasis ([@B19], [@B22]). Another stimulus, TGFβ, induces epithelial-to-mesenchymal transition in mouse mammary epithelial cells after a 5-minute pulse ([@B21]). For our studies, conditioning cells for 4 hours with a single stimulus of FBS, EGF, or mTORC1 inhibitor ridaforolimus promoted the initiation of orthotopic tumor implants in mammary fat pads of NSG mice. FBS contains a variety of nutrients and growth factors that likely regulate multiple intracellular pathways, while EGF may control a more limited subset of potential effectors of tumor formation and growth. Common effects of both FBS and EGF highlight the functions of growth factors in producing memory that ultimately decides the fate of a cell. Inhibition of mTORC1 with ridaforolimus activates 2 pathways important in breast cancer, MEK and PI3K ([@B32], [@B33],[@B38]), providing mechanisms by which conditioning with this drug increases numbers of tumor-initiating cells and tumor initiation ([@B39], [@B40]). Because ongoing clinical trials in breast cancer include ridaforolimus, our data showing that this drug enhances tumor-initiating potential of breast cancer cells raise possible concerns for unexpected consequences of therapy. Combination therapies blocking both MEK and PI3K pathways potentially could overcome adverse effects of ridaforolimus, but such combinations currently produce unmanageable toxicities in patients ([@B41]--[@B43]). We did not test how long effects of conditioning persist in enhancing tumor initiation, but our cell-based studies indicate that memory of prior stimuli wanes by 7 hours ([@B24]). Our data also support short-term persistence of cellular memory to promote breast cancer. We observed the greatest differences on conditioning inputs on tumor incidence with lesser effects on subsequent growth of tumors.

We observed an unanticipated discrepancy between spontaneous metastases from orthotopic tumors versus an intracardiac injection model of experimental metastasis. Conditioning with FBS increased overall metastases from orthotopic tumors but not from intracardiac injections. This difference likely arises from the longer tumor growth interval and larger orthotopic tumor size in mice with FBS-conditioned cells. There also may be site-specific conditioning effects on initial growth in the intracardiac model given the difference in the strong bioluminescent signal between metastatic sites. In the orthotopic model, the effects of conditioning likely ended before dissemination, accounting for no difference in the growth of spontaneous metastases. By comparison, intracardiac injection directly introduces breast cancer cells into the systemic circulation immediately after conditioning, so cellular memory can affect the initial proliferation of cells in an organ or tissue. Further investigation will be required to identify potential causes of site-specific effects of conditioning on tumor progression and metastasis.

To identify possible mechanisms for enhanced tumor initiation, we assessed effects of conditioning on cellular proliferation, adhesion, and signaling in the mammary fat pads immediately after injection. None of these candidate regulators of tumor initiation showed significant differences among groups. Potentially, our cell-based assays of proliferation and adhesion failed to capture key components of the tumor microenvironment in vivo. Because tumor initiation requires as few as 1 cell, population-scale assays may not identify critical subpopulations of cells that drive formation of a tumor. Future studies with approaches that better define changes in single cells, such as shifts in frequencies of cancer stem cells, may reveal cellular and molecular mechanisms for effects of conditioning stimuli on incidence of tumor formation.

We acknowledge other limitations of this work. We utilized injections of cancer cells into bilateral mammary fat pads, so cells in 1 site potentially influenced breast cancer cells injected into the other fat pad. However, we did not notice a consistent pattern in tumor growth between 2 tumors in an individual mouse. Although bioluminescence imaging offers improved sensitivity compared with other whole-animal techniques such as magnetic resonance imaging or computed tomography, detection of small numbers of cells (∼100 or fewer) remains challenging, particularly in metastatic sites. Intravital microscopy for kinase signaling achieves single-cell resolution, but depth limitations of this method constrain the total numbers of cells analyzed. We did not implant human stromal cells along with the breast cancer cells, which would better mimic the tumor microenvironment in humans. In addition, we used immunocompromised mice to study human breast cancer cells, so we did not investigate potential regulation of tumor formation by the immune system.

In summary, we demonstrated that short-term changes in growth factors and nutrients that occur in tumors can drive longer-term tumorigenic behavior based on cellular memory. The potential for targeted inhibitors such as ridaforolimus to increase tumor-initiating potential of breast cancer cells requires further investigation to determine the effects on treatment failures and delayed recurrences in patients. Understanding how transient signals impart cellular memory to cancer cells that regulate tumor formation and progression ultimately may lead to new drug targets and more effective use of existing therapies.

Abbreviation: FBSfetal bovine serumEGFepidermal growth factorHMFhuman mammary fibroblastsAUCarea under the curve
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